The most common cucumber plants (Cucumis sativus L.) show monoecious sex expression and produce both male and female flowers on the same plant, whereas plants of the gynoecious type produce only female flowers under natural conditions. Ethylene is a plant hormone that affects sex differentiation in cucumber plants. In the gynoecious cucumber, application of the ethylene biosynthesis inhibitor aminoethoxyvinyl glycine (AVG) induced only male flowers, whereas application of the ethylene action inhibitor silver nitrate (AgNO 3 ) induced male and morphologically bisexual flowers. To investigate whether the morphologically bisexual flowers that were induced by AgNO 3 in gynoecious cucumber plants have functional sexual organs, we analyzed the function of pistils and stamens. Seeds were produced by cross-fertilization and the pollen tubes were elongated on sucrose medium in eight of the twenty-five morphologically bisexual flowers. These results show that the application of AgNO 3 to gynoecious cucumber plants produces functional bisexual flowers. In functional bisexual flowers, the length of pistils was similar to that of the female flowers of gynoecious cucumber plants and the length of stamens was similar to that of male and bisexual flowers of andromonoecious cucumber plants. In contrast, stamen length was inversely proportional to pistil length in the group of morphologically bisexual flowers that were induced by AgNO 3 . These results suggest that the morphology of the sexual organs is different in morphologically bisexual flowers and in functional bisexual flowers. It is possible that the functional bisexual flowers that were induced by AgNO 3 in gynoecious cucumber plants are the result of exclusive blockade of ethylene signals that inhibit stamen development.
Introduction
Cucumber (Cucumis sativus L.) plants have been used as a model plant for the study of sex determination in higher plants (Kubicki, 1969a, b; Malepszy and Niemirowicz-Szczytt, 1991) . Cucumber plants have various sexual phenotypes, which include gynoecious, monoecious, hermaphrodite, and andromonoecious. The gynoecious cucumber plant produces only female flowers. The monoecious cucumber plant (which is the most common type of sex expression) produces male and female flowers on the same plant. The hermaphroditic type of cucumber plant produces bisexual flowers with both staminate and pistillate organs, while the andromonoecious cucumber plant produces bisexual and male flowers on the same plant.
The sexuality of cucumbers is genetically controlled, mainly by the F and M loci (Kubicki, 1969a, b; Pierce and Wehner, 1990) . Plants are gynoecious if the genotype is M-F-, monoecious if the genotype is M-ff, hermaphrodite if the genotype is mmF-, and andromonoecious if the genotype is mmff (Pierce and Wehner, 1990) . The F gene is believed to regulate the degree of female flower expression, while the M gene is considered to regulate bisexual flower expression (Frankel and Galun, 1977; Galun, 1961; Kubicki, 1969a, b; Pierce and Wehner, 1990; Shifriss, 1961; Shifriss and George, 1964) . Although sex expression in cucumber plants is genetically controlled, it can be easily modified by plant hormones or environmental conditions (Atsmon and Galun, 1960; Durand and Durand, 1984; Frankel and Galun, 1977; Galun, 1961; Shifriss, 1961; Shifriss and George, 1964; Takahashi et al., 1983) . In particular, production of the plant hormone ethylene is highly 67 correlated with femaleness in cucumber plants. For example, gynoecious cucumber plants produce more ethylene than monoecious plants (George, 1971; Rudich et al., 1972; Trebitsh et al., 1987) . In addition, inhibitors of ethylene biosynthesis or ethylene action suppress the development of female flowers and induce male flowers (Atsmon and Tabbak, 1979; Beyer, 1976; Takahashi and Jaffe, 1984; Takahashi and Suge, 1980) . Furthermore, application of ethylene to monoecious cucumber plants promotes the formation of female flowers (Iwahori et al., 1970; MacMurray and Miller, 1968; Saito and Takahashi, 1987; Suge, 1980, 1982) ; therefore, ethylene is believed to be a sex hormone in cucumber plants. Yamasaki et al. (2001) constructed a genetic model of sex expression in cucumber plants, which involved the F and M genes and ethylene. This genetic model shows that the F gene regulates ethylene production and that ethylene, which is its downstream effector, induces the development of pistils and reduces the development of stamens; this results in the induction of female flowers. This genetic model was also the first to show that the M gene is epistatic to the F gene, and that ethylene signals mediate M protein to inhibit stamen development. Yamasaki et al. (2001) hypothesized that plants with the F gene develop one type of floral primoridium that produces enough ethylene to induce femaleness, whereas plants with ff genes develop two types of floral primorida, one of which produces enough ethylene to induce femaleness and the other of which does not produce enough ethylene to induce femaleness; this is because plants with the genotype 'ff' (monoecious and andromonoecious) do not become androecious (which bear only male flowers). Based on the genetic model, the sex phenotypes of gynoecious, monoecious, hermaphroditic, and andromonoecious cucumber plants can be explained consistently (Yamasaki et al., 2001 ). More than ten years ago, two genes, CS-ACS1G and CS-ACS2, which encode a key enzyme in the ethylene biosynthesis pathway, 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, were identified as being related to sex expression in cucumber plants. The CS-ACS1G gene, which exists in gynoecious cucumber plants but not in monoecious cucumber plants, is closely linked to the F gene (Trebitsh et al., 1997) . As DNA sequences of the CS-ACS1G gene and CS-ACS1 gene are identical except for their promoter regions (Knopf and Trebitsh, 2006; Mibus and Tatlioglu, 2004) , it is impossible to distinguish their expression in gynoecious cucumber plants; therefore, 'CS-ACS1/G' was used in the expression analysis of these genes in gynoecious cucumber plants (Knopf and Trebitsh, 2006) . The CS-ACS2 gene was first isolated by Kamachi et al. (1997) , who demonstrated that the expression of the CS-ACS2 gene coincides with female flower development in monoecious and gynoecious cucumber plants. Yamasaki et al. (2003b) also showed the possibility that the expression of the CS-ACS2 gene is regulated by M protein under short-day conditions. Recently, the CS-ACS2 gene was identified as the M gene (Boualem et al., 2009; Li et al., 2009 ); thus, both F and M genes encode ACC synthase in cucumber. Based on these reports, our genetic model of sex expression in cucumber plants can be modified as shown in Figure 1A . The modified genetic model agrees with the following two observations. First, the accumulation of CS-ACS1/G mRNA occurred prior to the accumulation of CS-ACS2 mRNA in the shoot apices of gynoecious cucumber plants (Kamachi et al., 2000) . Second, the expression of the CS-ACS2 gene is induced by ethylene in the shoot apices of gynoecious and monoecious cucumber plants (Yamasaki et al., 2001) .
Application of ethylene inhibitors, which include silver nitrate (AgNO 3 ), to gynoecious cucumber plants induces the development of male and morphologically bisexual flowers (Atsmon and Tabbak, 1979; Beyer, 1976; Takahashi and Jaffe, 1984; Takahashi and Suge, 1980) . To date, it remains unknown whether morphologically bisexual flowers are functional. The genetic model described above does not assume the appearance of functional bisexual flowers in gynoecious cucumber plants (Fig. 1B) . As gynoecious cucumbers express a functional M gene (CS-ACS2 gene), they do not bear functional bisexual flowers under natural conditions (Fig. 1B) . The purpose of this study was to clarify whether ethylene inhibitors induce functional bisexual flowers in gynoecious cucumber plants. We first investigated the effect of inhibitors of ethylene biosynthesis [e.g., aminoethoxyvinyl glycine (AVG)] or those of ethylene action (e.g., AgNO 3 ) on sex expression in gynoecious cucumber plants. Secondly, we analyzed the function of stamens and pistils in morphologically 
Materials and Methods

Plant Materials
Monoecious ('Santo-suyo No. 2'), gynoecious ('Rensei'), and andromonoecious ('Lemon') cucumber plant (Cucumis sativus L.) lines were used in this study. Seeds of 'Santo-suyo No. 2' were purchased from Nakahara Seed Co. Ltd., Fukuoka, Japan. Seeds of 'Rensei' were purchased from Sakata Seed Co., Kanagawa, Japan. Seeds of 'Lemon' cucumber were provided by Dr. Yoshiteru Sakata and Mitsuhiro Sugiyama (National Institute of Vegetable and Tea Science). All seeds were maintained by inbreeding at our laboratory. Seeds were germinated on wet filter paper in a Petri dish and incubated at 26°C in the dark for 2 to 3 days. Seedlings were then transferred to plastic pots containing the soil composite Kumiai-Engei-Baido (0.4 g·kg −1 N, 1.2 g·kg −1 P, and 0.2 g·kg −1 K; Seishin Sangyo Co., Kitakyushu, Japan). Adequate water and fertilizer [0.002% (v/v) Hyponex; Hyponex-Japan, Osaka, Japan] were provided during all experiments. Plants were grown in a greenhouse at Fukuoka University of Education under a natural day length between midMay and the end of July 2007.
Definitions of sex of cucumber flowers
In the present study, a morphologically bisexual flower is defined as a flower that is induced by the application of AgNO 3 to gynoecious ('Rensei') cucumber plants. A morphologically bisexual flower contains both pistil and stamens, although the sexual function of both is unclear. Morphologically bisexual flowers were further classified on the basis of the following criteria; flowers with or without a functional ovary, with or without functional pollen, and without functional pollen and ovary. In addition, a flower with a functional ovary and pollen was defined as a functional bisexual flower. A bisexual flower is defined as a flower that is produced by hermaphroditic and andromonoecious ('Lemon') cucumber plants. Genetically, a bisexual flower possesses a functional ovary and pollen.
Application of chemicals
To determine the effect of ethylene inhibitors on cucumber sex expression, we applied 50 μl of 0.1 mM or 1.0 mM AVG in 0.1% (v/v) Tween 20, or 50 μl of 0.1 mM or 1.0 mM AgNO 3 in 0.1% (v/v) Tween 20 to the shoot apices of gynoecious ('Rensei') cucumber plants at the four-leaf stage (i.e., when the leaf blade of the fourth leaf was approximately 2 cm long) using a micropipette once a day for 3 days. Ten 'Rensei' plants were used for each treatment. The sex of each flower up to node 20 on the main stem was determined and was classified as male, female, or morphologically bisexual.
Analysis of pistil function in morphologically bisexual flowers We performed several plant crosses to investigate the function of pistils in morphologically bisexual flowers that were induced by the application of ethylene inhibitors to gynoecious ('Rensei') cucumber plants. To investigate the average number of seeds per fruit in bisexual flowers, self-fertilization was also performed on the bisexual flowers of andromonoecious ('Lemon') cucumber plants. Morphologically bisexual flowers from 'Rensei' plants were used as ovary parents. Twenty-five morphologically bisexual flowers were self-fertilized. Male flowers from monoecious ('Sonto-suyo No. 2') cucumber plants were used as pollen parents to fertilize an additional twenty-five morphologically bisexual flowers. Twenty-five bisexual flowers in 'Lemon' plants were self-fertilized. The number of flowers with an enlarged ovary, the rate of flowers with an enlarged ovary, and the number of seeds per fruit were assessed. In the present study, the number of flowers with an enlarged ovary was counted 30 days after pollination. Flowers with an enlarged ovary did not include flowers with autonomic parthenocarpy of the ovary. Embryogenesis was analyzed in the fruit seeds. The relationship between pistil length and the pistil fertility rate was analyzed in the twenty-five morphologically bisexual flowers described above.
Analysis of pollen function in morphologically bisexual flowers
To investigate pollen fertility, pollen grain staining is used as a simple method (Tang et al., 2007) ; therefore, to estimate the function of stamens in morphologically bisexual flowers that were induced by the application of ethylene inhibitors to gynoecious ('Rensei') cucumber plants, pollen grains were stained for 5 min using 1.8% aceto-carmine. In the present study, to estimate pollen fertility with accuracy, assays for pollen tube elongation were also performed; the extent of pollen tube elongation in 1 h was analyzed on 15% sucrose medium. Also, the relationship between stamen length and the pollen fertility rate of the flowers was assessed in 'Rensei' and 'Lemon' plants. In this experiment, thirty-six flowers of 'Rensei' plants and thirty flowers of 'Lemon' plants were analyzed. For each individual, fifty pollen grains were used to calculate pollen fertility rates.
Morphological analysis of flowers
To investigate the morphological differences among male, female, bisexual, functional bisexual, and morphologically bisexual flowers, we analyzed the length of floral organs (i.e., sepals, petals, stamens, and pistils) in gynoecious ('Rensei') and andromonoecious ('Lemon') cucumber plants. Thirty-one flowers of 'Rensei' and 'Lemon' plants were used, respectively, for the analysis.
Results
Effect of AVG and AgNO 3 application on cucumber plant sex expression Figure 2 shows the effects of AVG and AgNO 3 on the sex expression of gynoecious ('Rensei') cucumber plants. Control plants produced only female flowers when observed up to node 20 on the main stem ( Fig. 2A) . The application of 0.1 mM AVG to the shoot apices of 'Rensei' plants at the four-leaf stage led to the exclusive production of male flowers on nodes 5-8 (Fig. 2B ). The application of 1.0 mM AVG to the shoot apices of 'Rensei' plants at the four-leaf stage led to an increased production of male flowers on nodes 5-13 (Fig. 2C) . The application of 0.1 mM AgNO 3 to the shoot apices of 'Rensei' plants at the four-leaf stage led to the production of male and morphologically bisexual flowers on nodes 5-19 (Fig. 2D ). The application of 1.0 mM AgNO 3 to the shoot apices of 'Rensei' plants at the fourleaf stage led to the exclusive production of male flowers on nodes 5-18 (Fig. 2E) . Thus, these experiments confirmed that application of low concentrations of the ethylene action inhibitor AgNO 3 induces morphologically bisexual flowers in gynoecious cucumber plants, whereas application of the ethylene synthesis inhibitor AVG does not induce morphologically bisexual flowers in these plants. These results agreed well with those of previous reports (Yamasaki et al., 2000 (Yamasaki et al., , 2003a . Figure 3 shows typical examples of male, morphologically bisexual, and female flowers from gynoecious ('Rensei') cucumber plants (pictured on the left), as well as male and bisexual flowers from andromonoecious ('Lemon') cucumber plants (pictured on the right). Stamen length decreased as pistil length increased in morphologically bisexual flowers that were induced by AgNO 3 application, with the exception of the second flower from the right in Figure 3 (white arrowhead in Fig. 3 ). Stamen length of bisexual flowers in 'Lemon' plants was similar to that of male flowers. Thus, the development of sexual organs in cucumber plants was different in male, female, morphologically bisexual, and bisexual flowers.
Analysis of pistil function in morphologically bisexual flowers
We conducted several plant crosses to investigate the pistil function of morphologically bisexual flowers in gynoecious ('Rensei') cucumber plants. Among the twenty-five self-fertilized flowers, the ovary enlarged but produced no seeds in twenty flowers (Table 1) . In contrast, among the twenty-five cross-fertilized flowers, the ovary enlarged and produced seeds in eight flowers (Table 1) . In all twenty-five self-fertilized bisexual flowers in andromonoecious ('Lemon') cucumber plants, the ovaries enlarged and produced seeds (Table 1) . Embryogenesis was confirmed in the fruit seeds. These results showed that a fraction of morphologically bisexual flowers in 'Rensei' plants had a functional pistil (ovary), although the number of seeds per fruit in morphologically bisexual flowers was less than in bisexual flowers (Table 1) . The relationship between pistil length and the pistil fertility rate was analyzed in the twenty-five cross-fertilized flowers listed in Table 1 . Pistil length in both female and the eight morphologically bisexual flowers with a functional ovary was greater than 26 mm in 'Rensei' plants (Fig. 4 , vertical dotted line). These results suggest that a pistil length exceeding 26 mm is necessary to produce seeds in 'Rensei' plants.
Also, these results indicate that application of AgNO 3 reduces pistil length and pistil function in 'Rensei' plants.
Analysis of pollen function in morphologically bisexual flowers
To investigate the function of stamens in morphologically bisexual flowers that were induced by AgNO 3 application, pollen fertility was analyzed in gynoecious ('Rensei') plants. In male flowers, stamens were well developed and pollen grains were observed around the anthers (Fig. 5A) . Most of the pollen grains were heavily and deeply stained (Fig. 5B) , and most of the pollen Table 1 . Analysis of pistil function in morphologically bisexual and bisexual flowers in cucumber plants.
z,y Morphologically bisexual flowers from gynoecious (Rensei) cucumber plants were used as ovary parents. z Twenty-five morphologically bisexual flowers were self-fertilized. y Male flowers from monoecious (Santo-suyo No. 2) cucumber plants were used as pollen parents to fertilize additional twenty-five morphologically bisexual flowers. x Twenty-five bisexual flowers in andromonoecious (Lemon) cucumber plants were self-fertilized. w These eight flowers, which contain a functional pistil (ovary), were also defined in Figs. 4, 6A, 7A, 7B , and 7C. The number of flowers with an enlarged ovary, the rate of flowers with an enlarged ovary (%), and the number of seeds per fruit were summarized.
Embryogenesis was confirmed in the fruit seeds. Table 1 . White diamond indicates a male flower, whereas black diamonds indicate female flowers. Vertical dotted line represents 26 mm. tubes were elongated on the medium (Fig. 5C ). In some morphologically bisexual flowers, stamens were developed and pollen grains were observed around the anthers, similar to male flowers (Fig. 5D ). In these flowers, extensive and deeply stained pollen grains (Fig. 5E ) and pollen tube elongation (Fig. 5F ) were observed; however, in other morphologically bisexual flowers, stamens were not well developed and pollen grains were not observed around the anthers (Fig. 5G) . In these flowers, the number of pollen grains was clearly lower than in male flowers, as revealed by microscopy ( Fig. 5B, H) . Most of the pollen grains were deflated and not well stained (Fig. 5H) , and none of the pollen tubes was elongated on the medium (Fig. 5I) . Thus, according to the analysis of the pollen grains and pollen tubes, it is possible to distinguish between morphologically bisexual flowers with and without functional pollen. To assess the stamen length necessary for the development of functional pollen, we analyzed the relationship between stamen length and the pollen fertility rate in gynoecious ('Rensei') and andromonoecious ('Lemon') cucumber plants. In the former, the pollen fertility rate was 0% in plants with stamens shorter than 3.0 mm; this was observed in both female and morphologically bisexual flowers (Fig. 6A, vertical dotted line) . The pollen fertility rate was 20% in plants with stamens that measured 3.14 mm. Pollen fertility rate increased in plants with stamens longer than 3.0 mm (Fig. 6A) . The eight flowers represented by black filled triangles in Figure 6A had a functional ovary, as shown in Table 1 . Thus, these eight flowers were functional bisexual flowers that were induced by the application of AgNO 3 in gynoecious 'Rensei' plants. Stamen length was greater than 3.0 mm in all male and bisexual flowers from 'Lemon' plants ( Fig. 6B, vertical dotted line) . These results suggest that stamens longer than 3.0 mm develop functional pollen in both 'Rensei' and 'Lemon' plants.
Morphological analysis of flowers
To investigate the morphological differences among male, female, bisexual, functional bisexual, and morphologically bisexual flowers, we analyzed the length of floral organs (i.e.; sepals, petals, stamens, and Table 1 . pistils) in gynoecious ('Rensei') and andromonoecious ('Lemon') cucumber plants. In the former, we found a high correlation between pistil and sepal length (R 2 = 0.8357) (Fig. 7A ) and a weak correlation between pistil and petal length (R 2 = 0.3217) (Fig. 7B) . Also, we found a high correlation between pistil and stamen length (R 2 = 0.9013) in the group of male, female, and morphologically bisexual flowers whereas no correlation was found (R 2 = 0.1773) in the group of male, female, morphologically bisexual, and functional bisexual flowers (Fig. 7C) . Finally, we found no correlation among the length of floral organs in 'Lemon' plants (Fig. 7D, E, F) .
The eight functional bisexual flowers had three characters when compared with morphologically bisexual and female flowers in 'Rensei' plants. First, the length of pistils and sepals was greater than that of morphologically bisexual flowers and was similar to that of female flowers (Fig. 7A) . Second, petal length was greater than that of morphologically bisexual and female flowers (Fig. 7B) . Third, although stamen length decreased as pistil length increased in male, morphologically bisexual, and female flowers, the eight functional bisexual flowers did not behave in this manner (Fig. 7C) . In summary, the floral organs of the eight functional bisexual flowers were larger than those of male, morphologically bisexual, and female flowers in 'Rensei' plants. In contrast, the lengths of sepals, petals, and stamens were not different between male and bisexual flowers in 'Lemon' plants (Fig. 7D, E, F) .
Discussion
It is known that the application of ethylene inhibitors (e.g., AgNO 3 ) to gynoecious cucumber plants induces the development of male and morphologically bisexual flowers (Atsmon and Tabbak, 1979; Beyer, 1976; Takahashi and Jaffe, 1984; Takahashi and Suge, 1980) ; however, it is not clear whether morphologically bisexual flowers are functional. In the present study, we demonstrated that AgNO 3 induces the development of functional bisexual flowers in gynoecious cucumber plants. Functional bisexual flowers were slightly larger than male, morphologically bisexual, and female flowers in gynoecious cucumber plants. This study is the first to distinguish functional bisexual flowers from morphologically bisexual flowers in gynoecious cucumber plants; however, to investigate the function of stamens in morphologically bisexual flowers, we did not perform plant crosses, but instead conducted pollen grain staining and pollen tube elongation assays. To confirm pollen function, particularly in functional bisexual flowers, crosses are necessary. Reportedly, the application of AgNO 3 to gynoecious balsam pear (Momordica charantia L.) plants (the most common sex type is monoecious) and female kakrol (Momordica dioica Roxb.) plants (the sex type is dioecious) induces the production of large bisexual flowers with functional pollen but does not induce the development of male flowers (Ali et al., 1991; Iwamoto and Ishida, 2005) . Our results are in accordance with these reports with the exception that AgNO 3 induced male flowers in cucumber plants. In balsam pear and kakrol plants, it is reported that self-fertilization produces no seeds whereas crossfertilization produces seeds in bisexual flowers induced by AgNO 3 application (Ali et al., 1991; Iwamoto and Ishida, 2005) . This phenomenon is also observed in cucumber plants; self-fertilization of morphologically bisexual flowers induced ovary enlargement, but produced no seeds (Table 1) . This phenomenon may be caused by stimulative parthenocarpy of the ovary in morphologically bisexual flowers. Although the pollen function of the morphologically bisexual flowers used in self-fertilization is not clear, it is possible that self-fertilization of the functional bisexual flowers induced by AgNO 3 application produces no seeds in Cucurbitaceae. In this respect, functional bisexual flowers induced by AgNO 3 application in gynoecious cucumber plants are basically different from bisexual flowers in andromonoecious cucumber plants.
In melon (Cucumis melo L.) plants, sex determination is mainly governed by two genes, andromonoecious (a) and gynoecious (g). Plants are gynoecious if the genotype is A-gg, monoecious if the genotype is A-G-, hermaphrodite if the genotype is aagg, and andromonoecious if the genotype is aaG- (Kenigsbuch and Cohen, 1990) . It is known that ethylene inhibitors induce the formation of bisexual flowers in gynoecious melon plants (Byers et al., 1972) , which is why ethylene is considered to inhibit stamen development in melon plants. Recently, it was reported that the A gene encodes ACC synthase and was designated CmACS-7. Additionally, the recessive a gene was shown to be caused by a mutation in the active site of ACC synthase (Boualem et al., 2008) ; therefore, plants with the A gene (gynoecious and monoecious) can inhibit stamen development whereas plants with aa genes (hermaphrodite and andromonoecious) can not inhibit stamen development. Thus, stamen development is regulated by ethylene derived from the CmACS-7 gene in melon plants. Similarly, stamen development is regulated by ethylene derived from the CS-ACS2 gene in cucumber plants ( Fig. 1A ; Boualem et al., 2009; Li et al., 2009) . Because the amino acid sequences of CmACS-7 and CS-ACS2 show a high degree of similarity (98%) (Boualem et al., 2008 (Boualem et al., , 2009 Li et al., 2009) , these genes are homologs in Cucumis plants. This suggests that the mechanism of not only sex expression regulated by ethylene but also the induction of functional bisexual flowers by ethylene inhibitors in gynoecious plants is similar in cucumber and melon plants.
In the present study, the ethylene biosynthesis inhibitor AVG induced male flowers exclusively in gynoecious cucumber plants (Fig. 2B, C) , whereas the ethylene action inhibitor AgNO 3 induced both male and functional bisexual flowers in these plants (Fig. 2D) . Based on the modified genetic model (Fig. 1) , we propose a mechanism of action of ethylene inhibitors that would explain the induction of male and functional bisexual flowers in gynoecious cucumber plants (Fig. 8) (Fig. 8A, B) . Because ethylene is represented at two points in the genetic model, two possibilities can be advanced to explain why AgNO 3 blocks ethylene signals at step 'a' or 'b' when stamens are developing (Fig. 8A, B) . The most plausible explanation for the production of functional bisexual flowers in gynoecious cucumber plants is that a low concentration of AgNO 3 exclusively blocks the ethylene signals that lead to the inhibition of stamen development, without affecting pistil development (Fig. 8A) . This hypothesis is supported by the fact that pistil length in functional bisexual flowers was similar to that observed in female flowers of gynoecious cucumber plants (Fig. 7C) , and by the fact that stamen length in functional bisexual flowers was similar to that observed in male and bisexual flowers of andromonoecious cucumber plants (Fig. 7C, F) . On the other hand, the application of a high concentration of AgNO 3 to gynoecious cucumber plants blocked the two ethylene signals that lead to the inhibition of stamen development and to the development of pistils; this would result in the production of male flowers (Fig. 8B) . In contrast, as AVG is known as an ethylene biosynthesis inhibitor in higher plants, AVG blocks signals upstream of ethylene (Fig. 8C) . Because ethylene is represented at two points in the genetic model, two possibilities can be advanced to explain why AVG inhibits ethylene synthesis at step 'a' or 'b' when male flowers are developing (Fig. 8C) . Application of AVG led to the production of floral primordia that did not produce the ethylene necessary for the induction of female flowers; thus, male flowers were produced via a mechanism that is similar to that described for monoecious cucumber plants (Yamasaki et al., 2001 ). This hypothesis is supported by the fact that application of both low and high concentrations of AVG induced male flowers, not functional bisexual flowers (Fig. 2B, C) ; thus, induction of male and functional bisexual flowers via the application of ethylene inhibitors to gynoecious cucumber plants could be explained by the modified genetic model; however, it is reported that AgNO 3 enhances indole-3-acetic acid (IAA) efflux and that this acts independently of AgNO 3 effects in blocking the ethylene response in Arabidopsis root (Strader et al., 2009 ). Therefore, it is possible that the promotion of IAA efflux by AgNO 3 affects the induction of male or functional bisexual flowers in gynoecious cucumber plants. To clarify this problem and to develop a genetic model, it is necessary for specific inhibitors of ethylene action, such as 1-methylcyclopropene (1-MCP), to be adopted.
We demonstrated that the application of AgNO 3 to gynoecious cucumber plants induces functional bisexual and male flowers; therefore, ethylene regulates the expression of male, female, and functional bisexual flowers in cucumber plants. Histologically, sex expression is determined by the selective arrest of either pistil or stamen development (Atsmon and Galun, 1960; Malepszy and Niemirowicz-Szczytt, 1991) ; continued pistil development and arrest of stamen development result in female flowers, whereas continued stamen development and arrest of pistil development result in male flowers. In the case of bisexual flowers, both pistils and stamens continue to develop. Recently, it was shown that the Cs1-MMP gene, which encodes putative matrix metalloproteinase (MMP), may play an important role in the programmed cell death-mediated arrest of sexual organ primordia in cucumber flowers (Yamasaki and Manabe, 2009 ); however, the precise mechanism of the arrest of sexual organ primordia is still not clear in cucumber plants. In addition, factors located downstream of ethylene signals in cucumber sex expression have yet to be clarified, even though F and M genes have been identified. The resolution of these outstanding issues and revision of the genetic model will be necessary for a full overview of sex expression in cucumbers.
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